Resolvins are a novel class of lipid mediators that play an important role in the resolution of inflammation, although the underlying mechanisms are not very clear. To explore the anti-inflammatory mechanisms of resolvins, we have studied the effects of resolvin D1 (RvD1) on lipopolysaccharide (LPS)-induced endothelial barrier disruption as it is linked to propagation of inflammation. We found that LPS induces endothelial cell (EC) barrier disruption via xanthine oxidase (XO)-mediated reactive oxygen species (ROS) production, protein tyrosine phosphatase SHP2 inactivation and Fyn-related kinase (Frk) activation leading to tyrosine phosphorylation of α-catenin and VE-cadherin and their dissociation from each other affecting adherens junction (AJ) integrity and thereby increasing endothelial barrier permeability. RvD1 attenuated LPS-induced AJ disassembly and endothelial barrier permeability by arresting tyrosine phosphorylation of α-catenin and VE-cadherin and their dislocation from AJ via blockade of XO-mediated ROS production and thereby suppression of SHP2 inhibition and Frk activation. We have also found that the protective effects of RvD1 on EC barrier function involve ALX/FPR2 and GPR32 as inhibition or neutralization of these receptors negates its protective effects. LPS also increased XO activity, SHP2 cysteine oxidation and its inactivation, Frk activation, α-catenin and VEcadherin tyrosine phosphorylation and their dissociation from each other leading to AJ disruption with increased vascular permeability in mice arteries and RvD1 blocked all these effects. Thus, RvD1 protects endothelial AJ and its barrier function from disruption by inflammatory mediators such as LPS via a mechanism involving the suppression of XO-mediated ROS production and blocking SHP2 inactivation.
Introduction
Many inflammatory diseases arise due to uncontrolled inflammatory response or in other words failure of resolution process [1, 2] . Resolution of inflammation is now considered as an actively regulated phenomenon and understanding the signaling events that regulate the termination of inflammation is crucial in the circumvention of inflammatory diseases [1, 3] . In recent years, endogenously derived lipid mediators like resolvins, protectins, maresins and lipoxins received special attention due to their anti-inflammatory properties [4] [5] [6] . These lipid mediators appear to limit excessive inflammation without any adverse effects on normal immune responses [6, 7] . Resolvin D1 (RvD1) is synthesized from docosahexanoic acid (DHA) by sequential oxygenation by enzymes 15-lipoxygenase (15-LOX) and 5-LOX [5, 8] and it exhibits potent anti-inflammatory effects both in vitro and in vivo [9] . It was demonstrated that RvD1 reduces ROS production, inflammatory cytokines and adhesion molecules expression and attenuates neutrophil trafficking [5, 9, 10] . In addition, it has been reported that RvD1 protects endothelial barrier function, although the underlying mechanisms were not well understood [11, 12] . The endothelium, which acts as anti-platelet adhesion and anti-thrombotic surface for the circulating blood and with its selective barrier permeability, plays an important role in the maintenance of vascular integrity [13, 14] . Disruption of endothelial barrier function facilitates passage of inflammatory cells into the tissues where these cells via expression of various proinflammatory molecules amplify the local and systemic inflammation [15, 16] .
Adherens junctions (AJ), gap junctions (GJ) and tight junctions (TJ) are important endothelial cell-to-cell adhesions and play an essential role in its barrier function [17, 18] . Disruption of these junctions leads to development of gaps in the endothelial layer, which results in its increased permeability and altered function, a hallmark of various vascular diseases [19] [20] [21] [22] . Among the cell-to-cell junctions, AJ are comprised of vascular endothelial (VE) cadherin and its binding partners catenins (α, β, γ and p120) [13] . Impaired expression of AJ proteins affects vascular morphogenesis during embryonic development and vascular permeability in the adulthood [23, 24] . In response to inflammatory mediators VE-cadherin gets phosphorylated and either internalizes or degrades leading to loss of endothelial AJ integrity and barrier function [25] [26] [27] . Interestingly, both protein kinases (PKs) and protein phosphatases (PPs) have been found to be localized at the AJ, suggesting a role for phosphorylation and dephosphorylation of AJ proteins in the regulation of the maintenance of AJ integrity [19, 25, 28, 29] . In fact, LPS via oxidant-mediated inhibition of PPs has been shown to activate PKs in the modulation of inflammation [30, 31] . LPS has also been reported to disrupt endothelial barrier function in the propagation of inflammation [11, 12, 31, 32] . Previously we have reported that arachidonic acid metabolite, 15(S)-HETE, by XO-mediated ROS production leads to activation of Src and Pyk2 in the tyrosine phosphorylation of TJ proteins affecting endothelial TJ integrity and its barrier function [33] . Based on these findings, we asked the question whether RvD1 via inhibiting XO-mediated ROS production and preventing protein tyrosine phosphatases (PTPs) inactivation and protein tyrosine kinases (PTKs) activation protects endothelial barrier function from disruption by LPS. We found that RvD1 by inhibition of LPS-induced XO-mediated ROS production, and preventing SHP2 inactivation and Frk activation, thereby reducing α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other protects endothelial AJ integrity and its barrier function. RvD1 exerts its protective effects on the maintenance of endothelial AJ integrity and its barrier function via activation of its receptors ALX/FPR2 and GPR32. Consistent with these observations, RvD1 also protected endothelial AJ integrity and its barrier function from LPS-induced disruption in mice arteries in vivo as well.
Materials and methods

Reagents
Resolvin D1 (10012554) was purchased from Cayman Chemical Company (Ann Arbor, MI). Fluorescein isothiocyanate-dextran (FD70S), LPS (L4391), PHPS1 (P0039) and xanthine oxidase kit (MAKO78-1KT) were bought from Sigma Aldrich Company (St. Louis, MO). Anti-α-catenin (SC-7894 and SC-9988), anti-β-catenin (SC-7963), anti VE-cadherin (SC-28644 and SC-9989), anti-p120 catenin (SC-23872), anti-α-tubulin (SC-23948), anti-cMyc (SC-789), anti-pLck (SC-101728), anti-Lck (SC-433), anti-pYes (SC-130182), anti-Yes (SC-8403), anti-Fyn (SC-365913), anti-Lyn (SC-15), anti-Frk (SC-166478) and anti-PTPμ (SC-56957) antibodies were procured from Santa Cruz Biotechnology Inc., (Santa Cruz, CA). Anti-pSrc (2101 S) antibody was obtained from Cell Signaling Technology (Beverly, MA). Anti-pFyn (ab192172) and anti-VE-cadherin (ab33168) antibodies were bought from Abcam (Cambridge, MA). Anti-PY20 (05−777), anti-Src (05−184), anti-pLyn (04−375), anti-PTP-PEST (05-1417) and anti-FPR2 (ABF118) antibodies and PTP assay kit (17−125) were obtained from Millipore (Temecula, CA). Anit-SHP2 (610622) and anti-SHP1 (610126) antibodies were purchased from BD Biosciences (San Jose, CA). Anti-cysteine sulfonate antibody (ADI-OSA-820-F) was bought from Enzo Life Sciences (Farmingdale, NY). Wild type SHP2 (12283) and mutant SHP2 (C459S) (12284) plasmids were received from Addgene (Cambridge, MA) [34] . Anti-GPR32 neutralizing antibody (GTX71225) was obtained from Genetex (Irvine, CA). BOC2 (07201) was purchased from Phoenix Pharmaceuticals (Burlingame, CA). Hoechst 33342 (10 mg/ml) solution (H3570), goat anti-rabbit, and goat anti-mouse secondary antibodies conjugated with Alexa Fluor 568 (A11011) or Alexa Fluor 488 (A11029) fluorochrome, ProLong Gold antifade reagent (P36930), Medium 200 (M200500), low serum growth supplements (S003K), Lipofectamine 3000 (L3000015), non-targeting siRNA (D-001810-10), Frk siRNA (S5363), and gentamycin/amphotericin solution (R01510) were bought from ThermoFisher Scientific (Carlsbad, CA). The enhanced chemiluminescence (ECL) Western blotting detection reagents (RPN2106) were obtained from GE Healthcare (Pittsburg, PA).
Animals
C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). Mice were maintained at UTHSC vivarium according to the Institutional Animal Care and Use Committee's guidelines. The experiments involving animals were approved by the Animal Care and Use Committee of the University of Tennessee Health Science Center, Memphis, TN. To study the effect of RvD1 on the protection of endothelial barrier function, mice were kept on chow diet (CD) and administered intraperitoneally with RvD1 at a dose of 10 μg/kg body weight [35] every third day for a total of one week before the administration of (5 mg/kg body weight) LPS [36] . Twenty-four hrs after the administration of LPS, the mice were sacrificed, aortas were isolated and used as required.
Cell culture
Human umbilical vein endothelial cells (HUVECs) were purchased from Invitrogen (C0035C) and cultured in Medium 200 containing low serum growth supplements (LSGS), 10 μg/ml gentamycin and 0.25 μg/ ml amphotericin B. Cultures were maintained at 37°C in a humidified 95% air and 5% CO 2 atmosphere. HUVECs between 6 and 10 passages were growth-arrested by incubating in Medium 200 without LSGS for 12 h and used to perform the experiments unless otherwise indicated.
Transfections
HUVECs were transfected with the indicated siRNA at a final concentration of 100 nM using Lipofectamine 3000 transfection reagent according to the manufacturer's instructions. After transfections, cells were quiesced in Medium 200 without LSGS for 12 h and used as required.
Western blot analysis
Cell or tissue extracts containing an equal amount of protein from control and the indicated treatments were resolved by SDS-PAGE. The proteins were transferred electrophoretically to a nitrocellulose membrane. After blocking in either 5% (W/V) nonfat dry milk or 5% (W/V) BSA, the membrane was probed with appropriate primary antibodies followed by incubation with horseradish peroxidase-conjugated secondary antibodies. The antigen-antibody complexes were detected using enhanced chemiluminescence detection reagents as described previously [33] .
Immunoprecipitation
Immunoprecipitation was performed as described by us previously [33] . Cell or tissue extracts containing an equal amount of protein from control and each treatment was incubated with the indicated primary antibody at 1:100 dilution overnight at 4°C. Protein A/G-conjugated Sepharose CL-4B beads were added and incubation continued for an additional 1 h at room temperature and the beads were collected by centrifugation at 1000 rpm for 1 min at 4°C. The beads were washed three times with lysis buffer and once with PBS, boiled in SDS sample buffer and analyzed by immunoblotting.
Immunofluorescence
HUVECs were grown to a confluent monolayer on cell culture grade glass cover slips, quiesced and treated with and without LPS (500 ng/ ml) [37] in the presence and absence of RvD1 (200 ng/ml) [12] alone or in combination with the indicated inhibitors for the indicated time periods. After the treatments, cells were washed with cold PBS, fixed with 95% ethanol for 30 min at 4°C, permeabilized in TBS (10 mM Tris-HCl, pH 8.0, 150 mM NaCl) containing 0.1% Triton X-100 for 10 min at room temperature and blocked with 2% BSA in TBS containing 10 mM CaCl 2 , 5 mM MgCl 2 and 0.1% saponin overnight at 4°C. After incubation with appropriate primary antibodies (1:200 dilution), Alexa Flour-conjugated secondary antibodies were added (1:500 dilution) and incubation continued for 1 h at room temperature, counter stained with Hoechst 33342 (1:3000 dilution in PBS) for 2 min at room temperature and mounted onto glass slides with Prolong Gold antifade mounting medium. In the case of aortas, after dissection they were cleaned from fat tissue, opened longitudinally, fixed with 2% paraformaldehyde for 1 h, permeabilized with 0.2% Triton-X-100 in PBS for 20 min and blocked in PBS containing 0.1% Triton-X-100% and 5% FBS for 1 h at room temperature before being incubated with primary and secondary antibodies. Fluorescence images of the cells and aortas were captured using an inverted Zeiss fluorescence microscope (AxioObserver Z1) via a 40X (NA 0.6) objective and AxioCam MRm camera without any enhancements using the microscope operating and image analysis software AxioVision Version 4.7.2 (Carl Zeiss Imaging Solutions GmbH).
Flux assay
HUVECs were grown to a confluent monolayer on the apical side of a polycarbonate membrane of a transwell (0.4 µm pore size) and growth-arrested for 6 h. The monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 2 h. FITC-conjugated dextran (MW~70 kDa) was added to the basal chamber at 100 µg/ml concentration along with LPS and after 2 h the fluorescence intensity of the medium from each chamber was measured using SpectraMax Gemini XS spectrofluorometer (Molecular Devices). Whenever siRNA was used, HUVECs were transfected first with the siRNA and then seeded onto the transwell and in the case of pharmacological inhibitors or neutralizing antibodies, they were added 30 min prior to the addition of RvD1 and/or LPS. The flux was expressed as % dextran diffused/h/cm 2 as described previously [33] .
Transendothelial electrical resistance (TER)
HUVECs were grown to a confluent monolayer on the apical side of a polycarbonate membrane of a transwell (0.4 µm pore size) and growth-arrested for 6 h. The growth-arrested EC monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) alone or in combination with the indicated inhibitors or neutralizing antibodies for the indicated time periods. Whenever siRNA was used, HUVECs were transfected first with the siRNA and then seeded onto the transwell and in the case of pharmacological inhibitors or neutralizing antibodies, they were added 30 min prior to the addition of RvD1 and/or LPS. TER was measured at various time points using a Millicell ERS-2 V-Ohm Meter (MERS00002, EMD Millipore) and expressed as Ω cm 2 [38] .
ROS production
Intracellular ROS production was determined as described previously [33] . After the treatments, HUVECs were incubated with 10 mM CM-H2DCFDA for 30 min, washed with PBS, suspended in serum-free medium and the fluorescence intensities were measured in a SpectraMax Gemini XS spectrofluorometer (Molecular Devices) with excitation at 485 nm and emission at 535 nm. The ROS production was expressed as RFU.
XO activity
Xanthine oxidase activity was measured using a kit according to the manufacturer's instructions.
PTP assay
PTP activity was measured by dephosphorylation of PTP-specific phosphopeptide and the inorganic phosphate released was detected by malachite green reagent kit. To measure SHP2 activity, the cell extracts containing equal amounts of protein were immunoprecipitated with anti-SHP2 antibodies and the immunocomplexes were assayed for PTP activity as described Ram and Waxman [39] .
Miles assay
Vascular permeability was measured by Miles assay [40] . Mice fed with CD were administered with RvD1 at a dose of 10 μg/kg body weight every third day for a total of one week followed by injection of LPS (5 mg/kg body weight). After 24 h, mice were anesthetized and 0.1 ml of 1% Evans blue dye was injected into the tail vein. After 20 min, blood vessels were perfused with PBS through the left ventriculum and aortas were isolated. After taking photographs, Evans blue dye was extracted from the arteries by incubating in formaldehyde at 55°C for 24 h and the optical density was measured at 610 nm. Vascular permeability was expressed as the amount of Evans blue dye extravasated per mg artery.
Statistics
All the experiments were performed three times and the data were presented as Mean ± SD. The treatment effects were analyzed by oneway ANOVA followed by Student t-test and the p values < 0.05 were considered to be statistically significant.
Results
RvD1 blocks LPS-induced AJ protein tyrosine phosphorylation, AJ disruption and endothelial barrier dysfunction
RvD1 has been reported to reduce inflammation but the underlying mechanisms were not well understood. Since endothelial barrier permeability plays an important role in the propagation of inflammation, we asked the question whether RvD1 has any role in the regulation of endothelial barrier integrity, thereby in the maintenance of tissue homeostasis [13, 19] . To address this question, we first tested the effect of RvD1 on endothelial barrier function. LPS, a potent inflammatory molecule, disrupted endothelial barrier function as measured by increased dextran flux and decreased transendothelial electrical resistance (TER) and RvD1 prevented these effects ( Fig. 1A & B) . To understand the mechanisms, we tested the effect of LPS on the integrity of AJs, which plays an important role in the maintenance of endothelial barrier function [19] . As shown in Fig. 1C , LPS did not affect the steady state levels of AJ proteins, namely VE-cadherin, α-catenin, β-catenin and p120-catenin. Previously, we have reported that threonine/tyrosine phosphorylation of TJ proteins is involved in a 15-LOX metabolite of AA, 15(S)-HETE-induced TJ disruption and endothelial barrier dysfunction [33, 41] . Based on these observations, in the present study we tested whether LPS induces AJ protein tyrosine phosphorylation leading to their disruption and RvD1 was able to alleviate these effects. Towards this end, we first studied a time course effect of LPS on tyrosine phosphorylation of AJ proteins. LPS induced the tyrosine phosphorylation of AJ proteins, particularly α-catenin and VE-cadherin more robustly (Fig. 1D ). In addition, RvD1 inhibited the LPS-induced tyrosine phosphorylation of these proteins (Fig. 1E) . Next, we performed co-immunoprecipitation (Co-IP) experiment to find whether tyrosine phosphorylation of α-catenin and VE-cadherin leads to their dissociation from AJ. Co-IP experiment showed that VE-cadherin exists in complex with all three catenins in a quiescent HUVEC monolayer and in response to LPS only α-catenin but not β-catenin or p120-catenin dissociates from Quiescent HUVEC monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 2 h or the indicated time periods and dextran flux (~75 kDa) (A) and TER (B) were measured, respectively. C & D. Quiescent HUVECs were treated with and without LPS (500 ng/ml) for the indicated time periods, cell extracts were prepared and equal amounts of proteins from control and each treatment were either analyzed by Western blotting (WB) for the steady state levels of the indicated proteins (C) or immunoprecipitated with pTyr antibodies and the immunocomplexes were analyzed by immunoblotting (IB) for the indicated proteins (D) using their specific antibodies. E. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for the indicated time periods, cell extracts were prepared and equal amounts of proteins from control and each treatment were immunoprecipitated with pTyr antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. The same cell extracts were also analyzed by WB for the indicated protein total levels. Quiescent HUVECs were treated with and without LPS (500 ng/ml) for the indicated time periods, cell extracts were prepared and equal amounts of proteins from control and each treatment were immunoprecipitated with VE-cadherin or α-catenin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins using their specific antibodies. C & D. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ ml) for the indicated time periods, cell extracts were prepared and equal amounts of proteins from control and each treatment were immunoprecipitated with VE-cadherin or α-catenin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. E. Quiescent HUVEC monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 30 min, fixed and stained double immunofluorescently for α-catenin and VE-cadherin using mouse anti-α-catenin and rabbit anti-VE-cadherin antibodies followed by developing with Alexa Fluor 568-conjugated goat anti-mouse and Alexa Fluor 488-conjugated goat anti-rabbit secondary antibodies, respectively. The images were captured using an inverted Zeiss fluorescence microscope (AxioObserver Z1) via a 40X (NA 0. VE-cadherin ( Fig. 2A) . In a converse experiment, we found both β-catenin and p120-catenin as well as VE-cadherin dissociate from α-catenin in response to LPS (Fig. 2B) . These results infer that α-catenin, β-catenin and p120-catenin bind to VE-cadherin and in response to LPS only α-catenin but not β-catenin or p120-catenin dissociate from it. Based on these results, we examined whether RvD1 was able to prevent the dissociation of α-catenin from VEcadherin. Indeed, LPS induced dissociation of α-catenin from VEcadherin and RvD1 prevented their dissociation (Fig. 2C & D) . To confirm these observations, we performed co-immunofluorescence staining for α-catenin and VE-cadherin complex in AJ. Co-immunofluorescence staining showed that α-catenin co-localizes with VEcadherin in AJ of HUVEC monolayer and upon treatment with LPS they appear to be dissociated from each other and from AJ and RvD1 was able to suppress these effects (Fig. 2E ).
RvD1 suppresses Frk activation in the blockade of LPS-induced AJ protein tyrosine phosphorylation, AJ disruption and endothelial barrier dysfunction
To identify the tyrosine kinase(s) that mediates LPS-induced AJ protein tyrosine phosphorylation and their disruption, we tested the role of the Src family of PTKs using a pharmacological approach. PP1 and PP2, two potent inhibitors of the Src family of PTKs [33] , blocked LPS-induced tyrosine phosphorylation of α-catenin and VE-cadherin as well as their dissociation from each other (Fig. 3A) . This result suggests a role for the Src family of PTKs in the tyrosine phosphorylation of α-catenin and VE-cadherin and their dissociation from each other. To identify the Src family of PTKs activated by LPS, we performed a time course effect. LPS stimulated tyrosine phosphorylation of several members of the Src family of PTKs, including Frk, Fyn, Lyn and Yes and RvD1 suppressed this effect (Fig. 3B & C) . Since RvD1 blocked LPS-induced Frk phosphorylation completely, we further tested the role of this kinase in LPS-induced α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other. Downregulation of Frk levels by siRNA approach attenuated both α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other (Fig. 3D) . Frk downregulation also prevented their dissociation from AJ as measured by co-immunofluorescence staining (Fig. 3E) . In addition, depletion of Frk levels blocked LPS-induced increase in endothelial barrier permeability and reversed the decrease in its TER (Fig. 3F & G) .
RvD1 inhibits XO-mediated ROS production in the blockade of LPS-induced Frk activation, AJ protein tyrosine phosphorylation, AJ disruption and endothelial barrier dysfunction
Many reports have shown a link between XO-mediated ROS production and endothelial dysfunction [42] [43] [44] . Previously, we have shown that XO via ROS production was involved in the activation of Src and Pyk2 in 15(S)-HETE-induced endothelial TJ protein tyrosine phosphorylation, TJ disruption and its barrier dysfunction [33] . Therefore, to understand the mechanisms by which RvD1 prevents Frk-mediated tyrosine phosphorylation of α-catenin and VE-cadherin, we have studied the effect of RvD1 on LPSinduced XO activity. LPS induced both ROS production and XO activity in a time dependent manner and RvD1 suppressed these effects (Fig. 4A & B) . To find whether LPS-induced ROS production was dependent on XO activity, we tested the effect of Allopurinol, a specific inhibitor of XO [43] . Allopurinol completely blocked LPSinduced ROS production (Fig. 4C) . This result infers that XO mediates LPS-induced ROS production. In lieu of these observations, we further tested the role of XO in LPS-induced Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their disruption from AJ. Allopurinol inhibited LPS-induced Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other as well as from AJ (Fig. 4D & E) . Consistent with these observations, Allopurinol also blocked LPSinduced endothelial dextran flux and reversed the decrease in its TER (Fig. 4F & G) .
Suppression of SHP2 inactivation is required for RvD1 in the blockade of LPS-induced Frk activation, AJ protein tyrosine phosphorylation, AJ disruption and EC barrier dysfunction
It is known that PTPs play a role in regulation of endothelial barrier permeability [18, 19, 25, 28, 31] . In addition, ROS via oxidation of catalytic cysteine residues inactivates the PTPs [19, 25, 31] . Since we found that RvD1 suppresses LPS-induced ROS production, it might be possible that RvD1 via its capacity to suppress ROS production might be preventing the inactivation of a PTP. To address this assumption, we tested the effect of RvD1 on PTP activity. LPS decreased the PTP activity and RvD1 prevented this effect (Fig. 5A) . To identify the PTP inactivated by LPS we first examined for PTPs associated with AJ. The co-IP experiment showed that several PTPs including PTP-PEST, PTPμ, SHP1 and SHP2 exist in complex with VE-cadherin and in response to LPS, SHP2 dissociates from VE-cadherin and RvD1 prevents this effect (Fig. 5B) . In a converse experiment, we also found that both α-catenin and VE-cadherin dissociate from SHP2 in RvD1-sensitive manner (Fig. 5C ). Furthermore, LPS inhibited SHP2 activity and RvD1 prevented this effect (Fig. 5D) . Consistent with the assumption that ROS inhibit PTP activity, Allopurinol that blocked LPSinduced ROS production also prevented LPS-induced SHP2 inactivation (Fig. 5E) . Thus, it appears that LPS inactivates the PTP, SHP2, by XO-mediated ROS production and RvD1 by suppressing XO-mediated ROS production prevents its inactivation. LPS causes inactivation of SHP2 by oxidation of its cysteine residue at 459 [45] . To understand the mechanism of RvD1-mediated rescue of SHP2 activity from inhibition by LPS, we tested the effect of RvD1 on LPS-induced cysteine oxidation of SHP2. We found that LPS induces SHP2 cysteine oxidation and RvD1 prevents this effect (Fig. 5F ). Allopurinol also prevented the LPS-induced SHP2 cysteine oxidation (Fig. 5G) . To confirm these findings, we next used expression vectors for WT and a phosphatase-dead cysteine (C459S) mutant SHP2 [45] . Cells were transfected with WT or C459S mutant SHP2, quiesced, treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 30 min and examined for SHP2 cysteine oxidation and its activity. In response to LPS, WT SHP2 showed increased cysteine oxidation and decreased activity and RvD1 prevented these effects (Fig. 5H & I) . In contrast, in the case of C459S mutant SHP2, LPS failed to cause its cysteine oxidation and no obvious differences were noted in its activity between control and the indicated treatments, as it was a phosphatase-dead mutant (Fig. 5H & I) . These observations suggest that RvD1 prevents SHP2 inactivation by blocking its cysteine oxidation. To confirm the protective role of SHP2 against LPS-induced endothelial AJ disruption and its barrier dysfunction we used a pharmacological approach. In the presence of SHP2 inhibitor, PHPS1 [46] , RvD1 failed to prevent the effects of LPS on Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other as well as from AJ (Fig. 6A & B) . Similarly, in the presence of SHP2 inhibitor, RvD1 also failed to prevent LPS-induced increase in endothelial dextran flux and to reverse the decrease in its TER (Fig. 6C & D) . These observations demonstrate that prevention of SHP2 inactivation is required for RvD1-mediated protection of endothelial AJ integrity and its barrier function.
Both ALX/FPR2 and GPR32 mediate the protective effects of RvD1 against LPS-induced endothelial AJ disruption and its barrier dysfunction
RvD1 appears to mediate its effects via its receptors ALX/FPR2 and GPR32 [47] . In order to find which receptor is involved in the protective effects of RvD1 on endothelial AJ integrity and its barrier function, we tested their role using a pharmacological or neutralizing antibody approach. Western blot analysis showed that both ALX/FPR2 and GPR32 are expressed in HUVECs (Fig. 7A) . Inhibition of ALX/ FPR2 using its specific inhibitor, BOC2 [48] , partially negated the effects of RvD1 in preventing LPS-induced XO activity, ROS produc-tion, SHP2 inhibition, Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other and from AJ and endothelial barrier permeability and reversing the decrease in its TER (Fig. 7B-G) . Therefore, to understand whether RvD1 also acts through its other receptor GPR32, we have pretreated HUVECs with control IgG or GPR32 neutralizing antibodies (10 μg/ml) [49] alone or in combination with BOC2 and then tested the effect of RvD1 on LPS-induced endothelial AJ disruption and its barrier dysfunction. Neutralization of GPR32 alone exhibited almost the same level of inhibition as that of BOC2 on the effects of RvD1 in the reduction of LPS-induced XO activity, ROS production, SHP2 inhibition, Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other and from AJ, endothelial barrier permeability and decrease in its TER (Fig. 7H-N) . However, when both the receptors were inhibited simultaneously, the preventive effects of RvD1 on LPS-induced XO activity, ROS production, SHP2 inactivation, Frk, α-catenin and VE-cadherin tyrosine phosphorylation, α-catenin and VE-cadherin dissociation from each other and from AJ, endothelial barrier permeability and decrease in its TER were completely lost (Fig. 7H-N) .
RvD1 protects vascular AJ integrity and its permeability from LPS-induced disruption in vivo
To validate the protective effects of RvD1 on endothelial AJ integrity and its barrier function in vivo, mice that were administered first with RvD1 were challenged with LPS and 24 h later vascular permeability was measured by Miles assay or arteries were isolated and analyzed for either biochemical parameters or AJ integrity. LPS increased XO activity, SHP2 cysteine oxidation and its inactivation, Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other, AJ disruption and vascular permeability and RvD1 blocked all these effects in the arteries in vivo (Fig. 8A-G) .
Discussion
Endothelial hyperpermeability is closely linked to various inflammatory vascular diseases such as atherosclerosis and thrombosis [19, 21, 22] . Endothelial cell-to-cell junctions play a critical role in the modulation of vascular permeability as well as its integrity [17, 18] . Disruption in cell-to-cell contacts leads to increased vascular permeability and affects endothelial function [19] . Previously, it was reported that LPS increases endothelial barrier permeability by disrupting the TJ [11, 12, 50] . AJ and TJ are the important components of endothelial cell-to-cell adhesions and thus their barrier function [18, 19] . It was proposed that AJ are also linked to the development of TJ [51] . Thus, disruption of not only TJ but also AJ could affect the overall vascular permeability and its integrity. Recent studies from many laboratories have shown that the endogenously derived metabolites of omega-3 Fig. 3 . RvD1 inhibits Frk activation in blocking LPS-induced AJ protein Tyr phosphorylation and their disruption. A. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of PP1 (10 μM) or PP2 (10 μM), potent inhibitors of the Src family of tyrosine kinases, for 30 min and cell extracts were prepared. Equal amounts of proteins from control and each treatment were immunoprecipitated with pTyr or VE-cadherin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. B. Cell extracts of control and the indicated time periods of LPS (500 ng/ml)-treated HUVECs were either analyzed by WB for the indicated proteins or immunoprecipitated with pTyr antibodies and the immunocomplexes were immunoblotted for Frk. C. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for the indicated time periods, cell extracts were prepared and analyzed for the phosphorylation of the indicated proteins as described in panel B. D. HUVECs that were transfected with siContol or siFrk and quiesced were treated with and without LPS (500 ng/ml) for 30 min, cell extracts were prepared and equal amounts of protein from control and each treatment were immunoprecipitated with pTyr or VE-Cadherin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. The same cell extracts were also analyzed by WB for Frk and α-Tubulin levels to show the effects of the siRNA on its target and off target molecules levels. E-G. All the conditions were the same as in panel D except that the quiescent HUVEC monolayer was treated with and without LPS (500 ng/ml) for 30 min, 2 h or the indicated time periods and stained for α-catenin and VE-cadherin as described in Figure legend 2E (E) , subjected to dextran flux (F) and TER (G) assays, respectively. The bar graphs represent Mean ± SD values of three experiments. *, p < 0.05 vs control; # , p < 0.05 vs LPS. Fig. 4 . RvD1 inhibits XO-mediated ROS production in blocking Frk activation and AJ disruption. A & B. Quiescent HUVECs were treated with and without LPS (500 ng/ ml) in presence and absence of RvD1 (200 ng/ml) for the indicated time periods and ROS production (A) and XO activity (B) were measured. C. Quiescent HUVECs were treated with and without LPS (500 ng/ml) the presence and absence of Allopurinol (50 μM), XO inhibitor, for 30 min and ROS production was measured. D. All the conditions were same as in panel C except that an equal amount of protein from control and each treatment were immunoprecipitated with pTyr or α-catenin antibodies and the immunocomplexes were analyzed by IB for Frk, α-catenin and VE-cadherin using their specific antibodies. The same cell extracts was also analyzed by WB for their total levels. E-G. All the conditions were the same as in panel C except that the quiescent HUVEC monolayer after treatment with and without LPS (500 ng/ml) for 30 min, 2 h or the indicated time periods was stained for α-catenin and VEcadherin as described in Figure legend 
R. Chattopadhyay et al.
Redox Biology 12 (2017) 438-455 Fig. 5 . RvD1 prevents LPS-induced SHP2 oxidation and its inactivation in the protection of AJ integrity. A. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in presence and absence of RvD1 (200 ng/ml) for 30 min and PTP activity was measured using PTP-specific phosphopeptide as a substrate. B & C. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in presence and absence of RvD1 (200 ng/ml) for the indicated time periods, cell extracts were prepared and equal amounts of protein from control and each treatment were immunoprecipitated with VE-cadherin or SHP2 antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. D. All the conditions were same as in panel B except that after immunoprecipitation with SHP2 antibodies the immunocomplexes were assayed for SHP2 activity as described in panel A. E. Quiescent HUVECs that were treated with and without LPS (500 ng/ml) in the presence and absence of Allopurinol (50 μM) for 30 min were analyzed for SHP2 activity as described in panel D. F. All the conditions were same as in panel B except the cell extracts were immunoprecipitated with SHP2 antibodies and the immunocomplexes were immunoblotted for Cys sulphonate to measure SHP2 Cys oxidation and the blot was reprobed for total SHP2 levels. G. All the conditions were the same as in panel E except that the cell extracts were analyzed for SHP2 Cys oxidation as described in panel F and the blot was reprobed for total SHP2 levels. H. HUVECs were transiently transfected with empty vector (EV) or Myc-tagged recombinant SHP2 expression vector (WT and C459S mutant), grown to confluence, quiesced, treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ ml) for 30 min and cell extracts were prepared. An equal amount of protein from control and each treatment was immunoprecipitated with Cysteine sulphonate antibody and the immunocomplexes were analyzed by IB for Myc to show SHP2 Cysteine oxidation. An equal amount of protein from control and each treatment was also analyzed by WB for Myc to show the overexpression of SHP2. I. HUVECs that were transfected with WT or mutant SHP2 expression vector and quiesced were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 30 min and analyzed for SHP2 activity as described in panel D. Fig. 6 . Pharmacological inhibition of SHP2 blunts the capacity of RvD1 in the attenuation of LPS-induced Frk activation, α-catenin and VE-cadherin Tyr phosphorylation and AJ disruption. A. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) alone or in combination with or without PHPS1 (10 μM), a potent inhibitor of SHP2, for 30 min, cell extracts were prepared and an equal amount of protein from control and each treatment was immunoprecipitated with pTyr or VEcadherin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. The same cell extracts were also analyzed for the indicated protein total levels. B. All the conditions were the same as in panel A except that the quiescent HUVEC monolayer after the treatments was stained double immunofluorescently for α-catenin and VE-cadherin as described in Figure legend 2E . C & D. Quiescent HUVEC monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) alone or in combination with or without PHPS1 (10 μM) for 2 h or the indicated time periods and subjected to dextran flux (C) or TER (D) assays, respectively. The bar graphs represent Mean ± SD values of three experiments. *, p < 0.05 vs control; # , p < 0.05 vs LPS. Fig. 7 . Both ALX/FPR2 and GPR32 mediate the protective effects of RvD1 on LPS-induced endothelial AJ disruption and its barrier dysfunction. A. Cell extracts of control and various time periods of LPS (500 ng/ml)-treated HUVECs were analyzed by WB for ALX/FPR2 and GPR32 levels using their specific antibodies. B-D. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) in combination with and without Boc2 (3 μM), ALX/FPR2 inhibitor, for 30 min and XO activity (B), ROS production (C) and SHP2 activity (D) were measured. E. All the conditions were the same as in panel B except that cell extracts were prepared, and equal amounts of protein from control and each treatment were immunoprecipitated with pTyr or VE-Cadherin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins using their specific antibodies. The same cell extracts were also analyzed by WB for the total levels of the indicated proteins. F & G. Quiescent HUVEC monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) alone or in combination with and without Boc2 (3 μM) for 2 h or the indicated time periods and subjected to dextran flux (F) and TER (G) assays, respectively. H-J. Quiescent HUVECs were incubated with either control IgG or GPR32 IgG (10 μg/ml) alone or in combination with and without Boc2 (3 μM) for 30 min followed by treatment with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 30 min and XO activity (H), ROS production (I) and SHP2 activity (J) were measured. K. All the conditions were the same as in panel H except that cell extracts were prepared and equal amounts of protein from control and each treatment were immunoprecipitated with pTyr or VE-cadherin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins using their specific antibodies. The same cell extracts were also analyzed by WB for the total levels of the indicated proteins. L. The quiescent HUVEC monolayer that was incubated with either control IgG, GPR32 IgG (10 μg/ml), Boc2 (3 μM) alone or in combination for 30 min followed by treatment with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) for 30 min was stained double immunofluorescently for α-catenin and VE-cadherin as described in Figure fatty acids, DHA and EPA, namely resolvin D and E series promote resolution of inflammation [5] [6] [7] . Some of these molecules have also been reported to exhibit atheroprotective effects [52] [53] [54] . Furthermore, it was found that the atherogenic conditions trigger a sustained depletion of their cellular levels [52] , thus highlighting the importance of these lipid mediators in the resolution of inflammation and lesion regression. In this context, it was demonstrated that RvD1, the DHA metabolite, while enhancing anti-inflammatory cytokine expression inhibits neutrophil migration, reduces excessive PMN infiltration into the inflamed tissues, decreases PMN activation and ROS production, promotes phagocytosis and clearance of apoptotic cells as well as microbes and inhibits pro-inflammatory cytokine expression/ secretion [5, 9, 10, 55] . Supporting the role of these lipid mediators in the resolution of inflammation, it was further demonstrated that RvD1 protects endothelial TJ and its barrier function from LPS-induced disruption [11, 12] . Although all these findings undoubtedly support the anti-inflammatory role of RvD1, the underlying mechanisms were not well understood. Towards exploring the underlying mechanisms of its anti-inflammatory functions, in this study we examined its effects on endothelial AJ integrity and its barrier function. Our findings show that RvD1 protects AJ from LPS-induced disruption. Specifically, RvD1 was found to block LPS-induced α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other as well as from AJ, thereby restoring AJ integrity and endothelial barrier function. VE-Cadherin is a transmembrane component of AJ and exists in complex with a large number of intracellular molecules including α-catenin, β-catenin, γ-catenin and p120 catenin [13] . It also interacts with actin-binding proteins such as vinculin and eplin [13, 18] . Its interaction with actin-binding proteins is critical for its role in the maintenance of the cytoskeleton and cell-to-cell junction stability [13, 18] . More interestingly, VE-Cadherin interacts with actin-binding proteins via α-catenin [13] . In addition, many signaling molecules such as protein kinases and protein phosphatases have been found to be associated with VE-cadherin [19, 25, [27] [28] [29] . Thus, from its intricate protein-protein interacting architecture, it could be speculated that under different conditions VE-cadherin might form a complex with a specific protein either to increase or decrease the vascular permeability. Therefore, modulation of VE-cadherin expression or function could affect the overall stability of the endothelial cell-to-cell junctions and cytoskeleton. In fact, previous studies from other laboratories have suggested that phosphorylation-dependent VE-cadherin internalization and degradation leads to AJ disruption and increased endothelial barrier permeability [18, 19, 25, 27, 29] . In line with these observations, in the present study we found that LPS activates Frk in the phosphorylation of α-catenin and VE-cadherin leading to AJ disruption and endothelial barrier dysfunction. Cysteine residues at the active site of PTPs are usually negatively charged because of their low pKa values [56] . This negatively charged catalytic cysteine residues of the PTPs initiates the dephosphorylation of their substrates by nucleophilic attack at the phosphotyrosine phosphate group [57] . But this low pKa value also makes them more susceptible to oxidation by ROS [58] . In addition, it has been demonstrated that oxidation of PTP catalytic cysteine residues leads to their inactivation [45] . In this regard, the present findings reveal that LPS inactivates SHP2 via XO-mediated ROS production and oxidation of its catalytic cysteine residue, which in turn, leads to Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other disrupting endothelial AJ integrity and its barrier function. Furthermore, the findings that allopurinol, a potent inhibitor of XO, abolishes LPSinduced SHP2 cysteine oxidation and its inhibition, Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other promoting AJ integrity and endothelial barrier function support a role for XO-mediated SHP2 inhibition in LPSinduced AJ disruption and endothelial barrier dysfunction. As RvD1 is inhibiting XO activity and ROS production and preventing SHP2 catalytic cysteine oxidation and its inhibition resulting in the suppression of Frk activation and α-catenin and VE-cadherin tyrosine phosphorylation, it is likely that blocking SHP2 inhibition is the major mechanism of RvD1 in the protection of AJ and endothelial barrier function. This conclusion can be further supported by the observations that inhibition of SHP2 blocks the capacity of RvD1 to exert its protective effects in the attenuation of LPS-induced Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other as well as from AJ, AJ disruption and endothelial barrier dysfunction. RvD1 has been shown to exert its proresolving effects of inflammation via its receptors ALX/FPR2 and GPR32 [9, 47, 49] . In this context, our study further shows that inhibition of either receptor only partially negated the protective effects of RvD1 on AJ integrity and endothelial barrier function suggesting a role for the involvement of both the receptors in these effects. Indeed, when both the receptors were blocked, RvD1 completely lost its ability to prevent LPS-induced XO activity, ROS production, SHP2 inhibition, Frk activation, α-catenin and VE-cadherin tyrosine phosphorylation and their dissociation from each other as well as from AJ, AJ disruption and endothelial barrier dysfunction, which further reinforces the conclusion that both ALX/FPR2 and GPR32 are involved in the mediation of the protective effects of RvD1 against LPS-induced AJ disruption and endothelial barrier dysfunction. Furthermore, the present observations reveal that RvD1 inhibits LPS-induced XO activity, SHP2 cysteine oxidation and its inactivation, Frk activation, α-catenin and VEcadherin tyrosine phosphorylation and their dissociation from each other, AJ disruption and vascular permeability in intact arteries in mice suggesting its protective effects on AJ integrity in vivo as well. However, further studies are required to identify the receptor(s) mediating the protective effects of RvD1 on AJ integrity in mice in vivo. It should be pointed out that RvD1 has also been reported to protect both epithelial and endothelial barrier integrity in a murine model of hydrochloric acid-induced acute lung injury [59] . This study has further demonstrated that RvD1 inhibits neutrophil and platelet interactions via reducing NFκB activation and proinflammatory cytokines such IL-1β and IL-6 expression. Based on these observations, it is possible that RvD1 could also negate LPS-induced NFκB activation and endothelial and monocyte/leukocyte interactions in attenuating inflammation, which remains to be explored. In addition, a recent study showed that the levels of specialized pro-resolving lipid mediators (SPM), including RvD1 were decreased in vulnerable regions of human Fig. 8 . RvD1 attenuates LPS-induced aortic endothelial AJ disruption and hyper-permeability via blocking XO activity and SHP2 inactivation. A. C57BL/6 mice which were kept on chow diet were administered intraperitoneally with RvD1 (10 μg/kg body weight) every 2 days for 3 times before injecting LPS (5 mg/kg body weight) and 24 h later the aortas were isolated, tissue extracts were prepared and an equal amount of protein from each condition was analyzed for XO activity as described in Figure legend 4B . B. All the conditions were the same as in panel A except that tissue extracts containing an equal amount of protein from each condition were immunoprecipitated with Cys sulphonate antibodies and the immunocomplexes were analyzed by IB for SHP2. The same tissue extracts were analyzed by WB for total SHP2 levels. C. All the conditions were the same as in panel A except that tissue extracts were analyzed for SHP2 activity as described in Figure legend 5D . D & E. All the conditions were the same as in panel A except that tissue extracts were immunoprecipitated with pTyr (D) or VE-cadherin (E) antibodies and the immunocomplexes were analyzed by IB for the indicated proteins using their specific antibodies. The same tissue extracts were analyzed by WB for the indicated protein total levels. F. All the conditions were same as in panel A except that after isolation the aortas were opened longitudinally, fixed, permeabilized, blocked and co-immunostained for α-catenin and VE-cadherin as described in Figure legend 2E . G. All the conditions were the same as in panel A except that mice were anesthetized and 0.1 ml of 1% Evans Blue (EB) dye was injected into the tail vein. After 20 min, the blood vessels were perfused with PBS through the left ventriculum and the aortas were isolated and photographed. After taking the pictures, the aortas were minced, incubated in formaldehyde solution at 55°C for 24 h, centrifuged and the optical density of the supernatant was measured at 610 nm in SpectraMax 190 spectrophotometer (Molecular Devices). The aortic endothelial barrier permeability was expressed as ng of EB dye extravasated per mg aorta. The bar graphs represent Mean ± SD values of three experiments with 2 animals/group or 5 animals minimum. *, p < 0.05 vs control; # , p < 0.05 vs LPS.
atherosclerotic plaques [60] . Furthermore, these authors showed that administration of RvD1 decreases oxidative stress and promotes plaque stability via resolution of inflammation. Based on all these observations, it is likely that SPM, including RvD1 may both inhibit inflammation and promote its resolution.
Conclusions
As summarized in Fig. 9 , RvD1 via blocking LPS-induced XO activity and ROS production prevents SHP2 inactivation, and Frk activation and thereby inhibits Frk-mediated tyrosine phosphorylation of α-catenin and VE-cadherin and their dissociation from AJ in protecting EC barrier function from disruption by inflammatory molecules such as LPS.
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